RESULTS
Cells are constantly subject to an array of external stimuli. Signal transduction pathways must record diverse inputs and integrate these with prior experiences of the cell to decide whether to proliferate, differentiate, or die. The DNA damage response is critical for normal cell proliferation and suppression of cancer and relies on the transcription factor p53. In mammals, the p53-dependent response to DNA damage is complex and tissue specific 1 . While p53-dependent, p21-mediated cell cycle arrest in response to DNA damage can protect against radiation-induced gastrointestinal, cardiac, and hematologic toxicity [2] [3] [4] , p53-dependent apoptosis drives radiation toxicity in hematopoietic cells in a p53 dose-dependent manner 5 . Indeed, Trp53 −/− mice are strikingly resistant to myeloablative doses of ionizing radiation because they do not activate the intrinsic apoptosis pathway, while Trp53 +/− mice have intermediate radiation sensitivity between that of Trp53 +/+ and Trp53 −/− mice. Thus, fine-tuning the choice and amplitude of different p53 target genes is a critical aspect of the DNA damage response.
Eukaryotic genomes are pervasively transcribed to generate diverse lncRNAs, especially from highly regulated enhancers and promoters 6, 7 . Recently, several lncRNAs have been identified that regulate specific subsets of the p53-dependent gene expression signature 8, 9 . The DNA damage-induced lncRNA PANDA negatively regulates apoptosis by blocking the transcription factor NF-YA, while long intergenic noncoding RNA (lincRNA)-p21 recruits heterogeneous nuclear ribonucleoprotein K (hnRNPK) to regulate p21 in cis [10] [11] [12] . Furthermore, the APELA RNA expressed in mouse embryonic stem cells binds to heterogeneous nuclear ribonucleoprotein L (hnRNPL) to block its interaction with p53 and permit p53 accumulation in the mitochondria to elicit apoptosis 13 . While p53 is known to bind RNA 14 , the role of lncRNAs in regulating the p53 protein remains mostly unknown. p53 signaling is modulated by the regulation of p53 protein abundance. During normal cell cycles, a low level of damage resulting from DNA replication transiently activates p53 but is insufficient to robustly induce p53-responsive genes. This is because p53 has a short half-life and exists in a conformation with limited DNA binding efficiency 15, 16 . With sustained DNA damage, p53 is stabilized and p53-responsive genes (such as CDKN1A, DDB2 and PUMA) are activated, leading to either cell cycle arrest or apoptosis. While still poorly understood, sustained DNA damage is believed to invoke a signal amplification mechanism that requires an as-yet-unidentified coactivator of the p53 response 16 . Here we report that a p53-inducible lncRNA serves as a key gating mechanism in the DNA damage response. frequency (score = −55.7) and in vitro translation suggested that DINO does not encode a protein (Supplementary Fig. 1e ). DINO was induced ~100-fold in primary human fibroblasts in response to sustained doxorubicin-induced DNA damage, peaking at 10-24 h after damage and reaching ~1,000 copies per cell ( Supplementary  Fig. 1f ). In contrast, the known p53 target gene CDKN1A was induced 5-10 fold ( Fig. 1b) . DINO was also induced upon DNA damage in human cancer cell lines and by other stressors, albeit at lower levels ( Supplementary Fig. 1g,h) .
Because DINO is situated adjacent to a p53 binding site ( Fig. 1a) , we reasoned that its induction may require p53. Knockdown of p53 in human fibroblasts abrogated DINO induction ( Fig. 1c) . Wild-type HCT116 colon cancer cells induced DINO in response to doxorubicin, while isogenic TP53 −/− cells did not ( Fig. 1d) . Similarly, TP53-null H1299 human lung adenocarcinoma cells only induced DINO after complementation with wild-type p53, but not with a p53 mutant derived from cancer-prone Li-Fraumeni syndrome ( Supplementary  Fig. 1i ). DINO was not induced in p53 mutant tumor cell lines (Supplementary Fig. 1j ).
One indication of a lncRNA's functional significance is its evolutionary conservation. Functionally related lncRNAs between human, mouse and zebrafish can be identified by genomic synteny and conserved regions of microhomology, despite limited overall sequence identity 17, 18 . Thus, we queried the mouse Cdkn1a and zebrafish CDKN1A promoters for a DNA damage-inducible lncRNA immediately upstream of the first exon. A mouse transcript sense to Cdkn1a was observed at this position in mouse embryonic fibroblasts (MEFs) after doxorubicin treatment ( Supplementary Fig. 2a ). RACE, RNA blotting, and reverse transcription (RT)-PCR established the identity of the putative mouse Dino (Supplementary Fig. 2a-c) . DNA damage induction of mouse Dino was also attenuated in Trp53 −/− MEFs (Supplementary Fig. 2a) . Similarly, RT-PCR and RACE analysis of zebrafish embryos identified a UV-inducible sense-strand lncRNA at the precise syntenic location upstream of CDKN1A ( Supplementary  Fig. 2d-f ). We observed several regions of microhomology in human, mouse, and zebrafish DINO that were also conserved in the putative DINO encoding regions of five additional mammalian species (Supplementary Fig. 2g-i) . Thus, DINO represents a potentially conserved transcriptional response to DNA damage, though notably, the predicted DNA strand encoding DINO varies across the eight species examined (Supplementary Fig. 2i ).
DINO regulates the p53-dependent DNA damage response
LncRNAs can regulate gene expression both in cis and in trans. Depletion of DINO by RNA interference identified a key role in the DNA damage response. DINO depletion by multiple independent short interfering RNAs (siRNAs) in primary human fibroblasts blunted CDKN1A induction upon DNA damage ( Fig. 2a) . Microarray analysis showed that 215 of 417 genes normally regulated by DNA damage failed to respond after DINO depletion, including canonical p53responsive genes CDKN1A, DDB2, and GADD45A (Fig. 2b) . Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis identified an enrichment of the p53 signaling pathway (P = 7.9 × 10 −3 , false discovery rate = 0.09) (Gene Ontology terms, Supplementary Table 1 ; gene lists, Supplementary Table 2) , and a majority of the genes affected by siRNA to DINO (60%) had a canonical p53-binding site. Assay of Transposase Accessible Chromatin by sequencing (ATAC-seq) 19 showed that chromatin accessibility at cognate p53 binding sites was induced by DNA damage genome-wide, but was reduced in DINOdepleted human fibroblasts ( Fig. 2c and Supplementary Fig. 3b ). Indeed, chromatin immunoprecipitation (ChIP) followed by quantitative PCR (qPCR) showed that DINO depletion caused a loss of p53 occupancy at its cognate target genes, such as at CDKN1A (Fig. 2d ) and additional genes ( Supplementary Fig. 3c,d) . Finally, DINO is required for cell cycle arrest in response to DNA damage. Like cells treated with p53 short hairpin RNA (shRNA) cells, DINO-depleted, human osteosarcoma U2OS cells continued to divide following DNA damage to a greater extent than control DINO-proficient cells ( Fig. 2e and Supplementary Fig. 3e ). Similar results were obtained with independent siRNAs targeting DINO (Supplementary Fig. 3f ).
DINO and p53 physically interact following DNA damage
LncRNAs can act as modular scaffolds for chromatin modification complexes 20 , but their roles in mediating signal transduction are less understood. Therefore, we asked whether DINO may physically interact with p53. In vitro transcribed DINO RNA preferentially retrieved p53 from the lysate of DNA-damaged cells, but did not retrieve the Polycomb complex or several other control proteins ( Supplementary  Fig. 4a,b ). DINO also had higher affinity for recombinant purified p53 than for Polycomb Repressive Complex 2 (PRC2) (Fig. 3a) . In complementary experiments, immunoprecipitation of p53 from the chromatin of DNA-damaged cells retrieved endogenous DINO RNA (Fig. 3b) . Analysis of RNA fragments UV-crosslinked to endogenous p53 in A r t i c l e s DNA-damaged cells identified a major p53-binding site in DINO (Fig. 3c) . Expression of wild-type p53 or a DNA-binding-incompetent R273H p53 in Trp53-null cells enabled p53 retrieval of DINO, but a C-terminal deletion truncating a RNA-binding region of p53 (ref. 14) decreased DINO interaction ( Fig. 3d) . Thus, the C terminus of p53, which is also known to undergo extensive post-translational modification, binds to a discrete domain of DINO. To investigate whether DINO localized to regulatory regions adjacent to DINO-dependent genes, we used chromatin isolation by RNA purification (ChIRP) 21 to map DINO's chromatin occupancy. DINO RNA was specifically retrieved with orthogonal 'even' and 'odd' pools of biotinylated capture probes along with associated DNA; RNase-treated chromatin served as a negative control ( Supplementary Fig. 4c,d) . We observed DINO occupancy at p53 binding elements in seven of ten p53-target genes examined, including CDKN1A, GADD45A, and DDB2; DINO occupancy was not detected at any of the five negative control loci ( Supplementary Fig. 4e ). These results suggest that DINO and p53 colocalize at multiple p53 target genes throughout the genome.
DINO stabilizes p53 and induces p53 target genes
Since DINO directly binds p53, we examined whether DINO expression regulates p53 protein following DNA damage. In response to DNA damage, p53 is stabilized by a series of post-translational modifications and inhibition of ubiquitination, leading to protein accumulation and transactivation of p53 targets. DINO depletion blocked the ability of DNA damage to induce p53 stabilization and p21 induction, despite preservation of p53 phosphorylation at Ser9 ( Fig. 4a ), suggesting that DINO is required for p53 stability in the DNA damage response. If DINO binding stabilizes p53 protein directly, overexpression of DINO in the absence of DNA damage may be sufficient to stabilize p53 and activate DNA damage signaling. Cycloheximide chase showed that p53 protein was rapidly degraded in control cells, whereas enforced human or mouse DINO expression, in the absence of DNA damage, caused p53 stabilization and increased p21 protein levels ( Fig. 4b) . DINO overexpression induced a large panel of p53 target genes, including RRM2, DDB2, and GADD45A, as measured by nCounter and RT-qPCR assays, and also caused substantial G2 cell cycle arrest, a well-known p53-dependent checkpoint 22 (Fig. 4c,d) .
These results indicate that DINO can act in trans when expressed separately from the CDKN1A locus and highlight the functional conservation of human and mouse DINO.
Although DINO directly binds p53, it is possible that DINO regulates p53 in a manner independent of p53 binding. To examine this possibility, we generated DINO constructs with focal deletion of the p53-binding motif. This motif forms a stem loop structure in vitro ( Supplementary Fig. 5a,b) , and deletion of this motif abrogated p53 binding in vivo (Fig. 4e) . Overexpression of DINO mutants failed to induce p53 target genes ( Fig. 4f ) or stabilize p53 protein ( Supplementary Fig. 5c ), confirming that DINO binding to p53 is important for activating the DNA damage response.
Dino knockout mice are deficient in p53 pathway functions
We generated C57BL/6 mice with genetic modification of Dino to characterize the role of the mouse lncRNA in the p53 response (Fig. 5a) . The knock-in allele Dino gfp was designed to achieve two purposes: (i) report the activity of the putative Dino promoter and (ii) disrupt the function of Dino by replacing the bulk of Dino sequence with GFP. We designed the targeting construct to avoid removal of endogenous p53 response elements within the Cdkn1a promoter (asterisks in Fig. 5a ). Frt-flanked neomycin selection cassettes were removed by recombination in ES cells before blastocyst injection. Dino gfp/gfp mice were born with the expected male:female Mendelian ratio and were viable, fertile, and without apparent developmental defects.
MEFs isolated from Dino +/gfp E13.5 embryos induced GFP expression in response to DNA damage ( Supplementary Fig. 6a MEFs decreased by nearly 50% relative to Dino +/+ MEFs (Fig. 5b) . (Fig. 5c) .
Since gene expression analysis indicated that mouse Dino regulated apoptosis signaling, we next examined Dino gfp mice for defects in DNA-damage-induced apoptosis. A r t i c l e s thymocytes relative to Dino +/+ thymocytes (Supplementary Fig. 6b ). Since p53-dependent radiation-induced apoptosis differs among thymocyte subsets 24 , we specifically examined the subset most sensitive to radiation, CD4 + CD8 + thymocytes. We observed reduced levels of apoptosis in the CD4 + CD8 + thymocytes of Dino gfp/gfp mice relative to those of Dino +/+ mice 6 h after in vivo irradiation with 5 Gy total body irradiation (Supplementary Fig. 6c ). The significant but partial defect in apoptosis in Dino gfp/gfp thymocytes was similar to the defect observed in heterozygous Trp53 +/− thymocytes (Fig. 5d) 24 . Such partial abrogation of DNA-damage-induced apoptosis has also been observed in mice mutant for other important mediators of p53-induced apoptosis, such as Perp −/− and Puma +/− mice 25, 26 .
p53 modulates the organismal response to DNA damage and is a major determinant of tissue injury following lethal irradiation. Therefore, we examined whether loss of Dino altered the sensitivity of mice to lethal irradiation. Following exposure to a single, high dose of 12 Gy total body irradiation, Dino gfp/gfp mice lived significantly longer than Dino +/+ and Dino +/gfp littermates (P = 0.01, Fig. 5e ). Heterozygous Dino +/gfp mice had radiation sensitivity that was indistinguishable from that of wild-type mice. The organismal resistance to radiation toxicity in Dino gfp/gfp is reminiscent of that in mice deficient in Puma, a key mediator of p53-induced apoptosis [26] [27] [28] . Furthermore, because Cdkn1a −/− animals have increased radiation sensitivity by several regimes 2, 4 , the opposite of the Dino gfp/gfp phenotype, our findings indicate that Dino's role in DNA damage response must extend beyond cis regulation of Cdkn1a.
Dino regulates p53 signaling independent of p21
While the Dino gfp allele created a robust gene knockout and was ideally suited to investigate the role of Dino in regulating genes in trans, we created a second mouse with a focal modification of the Dino promoter to study the activity of Dino both in cis and in trans (Fig. 6a) . The Dino lox allele contains ~150 bp of exogenous DNA consisting of Frt and loxP recombination sites and was intended to be used as a conditional knockout. This targeting strategy resulted in a minimal alteration of the Dino locus and did not disturb any known transcription factor binding sites or Cdkn1a exons. Unexpectedly, Dino expression was nearly completely attenuated in Dino lox/lox MEFs even in the absence of Cre-mediated recombination, and DNAdamage-induced Dino was abrogated to a level to similar to that in Trp53 −/− MEFs (Fig. 6b) . The Dino lox/lox allele thus serves as a Dino promoter knockout.
Dino lox/lox MEFs exhibited significant defects in the activation of a subset of DNA damage-inducible genes, including Cdkn1a, Bax, Sfn (encoding 14-3-3σ), and Pmaip1 (encoding Noxa) ( Fig. 6c , P < 0.05 for each), despite p53 mRNA being at or above wild-type levels (Supplementary Fig. 7a,b) . Furthermore, Cdkn1a −/− MEFs had no defect in the induction of these p53 target genes, demonstrating that Dino regulates DNA damage-inducible genes independently of p21 (Supplementary Fig. 7c ). Both isoforms of Cdkn1a were impaired in Dino lox/lox MEFs (Supplementary Fig. 7d ). Furthermore, DNA-damageinduced expression of Mdm2 exhibited a greater dependence on Dino when MEFs were cultured in 0.1% serum, when proliferative stress is diminished compared to standard growth conditions of 10% serum (Supplementary Fig. 7d ). We observed less p53 protein in Dino lox/lox MEFs than in Dino +/+ MEFs in response to increasing doses of DNA damage (Fig. 6d) , indicating that Dino is required for robust accumulation of mouse p53 protein following DNA damage, especially at moderate doses of DNA damage. Similar results were observed in Dino gfp/gfp MEFs (Supplementary Fig. 7e ). This defect in Dino lox/lox cells also translated to a substantial reduction in damage-induced accumulation of p21 protein, as an example of a p53 target. These results are analogous to the findings on the effect of human DINO on human p53 stabilization. The defect in p53 protein abundance in Dino lox/lox MEFs occurred despite a slightly elevated level of Trp53 mRNA, and p53 protein abundance was rescued by the proteasome inhibitor MG-132 ( Supplementary Fig. 7f ), demonstrating that p53 protein is efficiently translated but is relatively unstable in Dino lox/lox MEFs. Finally, p53 UV crosslinking and immunoprecipitation (CLIP) in mouse MEFs specifically retrieved mouse Dino, confirming that Dino and p53 directly interact in mouse cells (Supplementary Fig. 7g) .
Consistent with the defects in DNA damage-inducible gene expression, Dino promoter knockout cells exhibited attenuated cell-cycle arrest following DNA damage. Doxorubicin-treated Dino lox/lox MEFs showed an increase in the proportion of S-phase populations relative to Dino +/+ MEFs (Fig. 6e) . Moreover, Dino lox/lox MEFs failed to undergo replicative senescence and continued to proliferate well after Dino +/+ MEFs had entered crisis (Fig. 6f) .
DISCUSSION
Our studies have identified the lncRNA DINO as a component of the DNA damage response, providing a feed forward mechanism that amplifies p53 activity in response to DNA damage (Fig. 7) . In the absence of DINO expression, p53 protein remains destabilized. However, induction of DINO by DNA damage or by enforced expression of DINO from a heterologous plasmid enhanced p53 protein stability and transactivation of p53 targets. Thus, the feed forward loop of DINO and p53 stabilization may serve as a filter, ensuring that the DNA damage response is activated only after surpassing a threshold of damage. Moreover, these results highlight the concept of a direct physical feedback loop between a transcription factor and its target inducible lncRNA for coordinating cell fate. Because proteins are synthesized in cytoplasm (thus away from chromatin, where transcription factors act), inducible lncRNAs are uniquely suited to providing direct feedback in situ to the transcription factor regarding the status of the signaling pathway. The co-occupancy of DINO with p53 protein at the p53 response element of multiple p53-responsive loci is consistent with this model. These findings reinforce the importance of p53 protein dosage in the DNA damage response. Like Trp53 +/− cells, Dino knockout cells contain diminished p53 protein levels both at baseline and following DNA damage. While the remaining p53 protein is able to elicit cell cycle arrest and apoptosis following DNA damage, these responses are dampened. The moderate reduction in p53 protein abundance can alter animal survival following lethal irradiation. Furthermore, the observations that Dino knockout mice and cells are phenotypically similar to Trp53 +/− mice in the acute DNA damage response raises the intriguing possibility that Dino knockout mice may be tumor prone, like Trp53 +/− and epi-allelic p53 hypomorphs 29 .
That DINO's interaction can functionally regulate p53 protein suggest a possible broader function for RNAs in the regulation of p53 signaling. The maternally imprinted lncRNA MEG3 can also enhance p53 activity 30 , suggesting that multiple lncRNAs can regulate p53. Additionally, the fact that lncRNAs are expressed in a highly tissueand context-specific manner 31 may provide cells with unique opportunities to confer specificity on otherwise global processes.
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